Background: Fibromyalgia (FM) is a complex, centralized pain condition that is often difficult to diagnose and treat. FM is considered to have a genetic background due to its familial aggregation and due to findings from multiple candidate-gene studies implicating catecholaminergic and serotonergic neurotransmitter systems in chronic pain. However, a multi-factorial analysis of both genetic and environmental risk factors is lacking. A better characterization of the interplay of risk factors may assist in understanding the pathophysiology of FM, its clinical course, and assist in early diagnosis and treatment of the disorder.
Background
Fibromyalgia (FM) is a chronic illness that affects an estimated 5.4% of the US population, and is 2.3 times more prevalent in women than men [1] . FM is characterized by widespread pain, tenderness and fatigue, and is notoriously challenging to diagnose and treat. Patients suffering from FM report a low quality of life [2] , and are 3.4 times more likely to suffer from major depressive disorder than those without FM [3] .
FM is difficult to diagnose and treat because it manifests a diverse range of symptoms that affect multiple body systems, and it is frequently accompanied by comorbid disease. FM is often a diagnosis of exclusion after other possible conditions have been treated without success and ruled out. Common FM symptoms include pain sensitivity, chronic fatigue, muscle tenderness, mental fog, sleep disturbances, and digestive issues. These same symptoms are also reported in other illnesses, such as temporomandibular disorder, irritable bowel syndrome, and mental disorders [4, 5] . In fact, FM co-occurs with these conditions frequently [6] . FM is also often associated with other diseases like hypothyroidism [7] , rheumatoid arthritis, and systemic lupus erythematosus [8] , as well as psychiatric diseases, such as major depressive disorder, and mood and anxiety disorders [4] . Current diagnostic criteria for FM rely solely on subjective measures, as there is currently no accepted objective testing. The 1990 ACR diagnostic criteria require presence of pain upon pressure applied to at least 11 of 18 specific tender points, and the updated 2010 criteria use a symptom survey as a diagnostic tool. The development of an objective genetic biomarker would significantly improve our ability to diagnose fibromyalgia.
The multi-system pathology of FM stems in part from autonomic nervous system dysfunction, in particular excess sympathetic activity which has been well demonstrated in heart-rate variability studies [9, 10] . Although incompletely understood, abnormal catecholaminergic signaling has been identified in the pathogenesis of FM and central sensitization [11] . COMT genetic variations that result in excess levels of catecholamines may promote development of chronic pain via stimulation of adrenergic receptors in the peripheral and central nervous systems [12, 13] . The autonomic nervous system likely plays a role in regulation of fibromyalgia pain, as functional MRIs in FM subjects with higher levels of sympathetic nervous system activity demonstrated more temporal summation of pain [14] . Variations in COMT activity are one factor that may contribute to the complex interaction of autonomic nervous system and pain regulation.
Catecholamines (i.e. dopamine, epinephrine, norepinephrine) are key neurotransmitters in both pain-inhibiting and pain-initiating pathways, depending on gene expression factors, and cell type [15, 16] . Several gene-candidate studies have examined serotonergic, dopaminergic, and catecholaminergic markers as major players in central sensitization and FM pain [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In particular, the missense variant val 158 met in catecholamine-O-methyltransferase gene (COMT) single nucleotide polymorphism (SNP), rs4680, results in significantly reduced catecholaminergic turnover, which has been shown to be associated with FM [22] [23] [24] [25] [26] [27] [28] [29] . However, some studies in non-Caucasian populations have conflicting results [30, 31] , showing only weak association of rs4680 with FM, or stronger association with other COMT SNPs, suggesting the association of COMT SNPs may be ethnic group specific.
Haplotypes consisting of COMT SNP rs4680, rs6269, rs4633, and rs4818, have also been shown to be associated with pain sensitivity [32, 33] , although it is unclear if those haplotypes have a role in chronic widespread pain, like FM. Nicholl et al. [34] did not find a link with COMT haplotypes and FM in two separate cohorts comparing pain-free individuals to those with FM; however, both cohorts consisted of Caucasians and one cohort exclusively of men. Conversely, Martinez-Jauand et al. [24] , in an age-matched case-control study of patients with British ancestry, found FM patients to more likely have COMT haplotypes corresponding to higher pain sensitivity. Studies of COMT in FM thus far have been limited to small cohorts and specific populations. The focus of our study was to evaluate both COMT polymorphisms and phenotypic associations with FM in order to identify defining factors in diagnosis. This is the largest study thus far to examine associations of COMT SNPs and COMT haplotypes with FM. 
Methods

Study participants
Participants in the study were recruited from 237 clinics across the US, including orthopedic, spinal, pain management, and internal medicine clinics. Recruitment also included the criterion that the administrating medical professional deemed the genetic test was medically necessary to assess risk of FM. In total, the study comprised of 60,367 participants. Among the study participants, a group of 2713 individuals with FM (a 4.5% diagnosis rate) were identified using the International Statistical Classification of Diseases and Related Health Problems (ICD)-9 series code 729.1 for "myalgia and myositis" and ICD-10 series code M79.7 for "fibromyalgia." All participants in the study who had complete genetic data for the COMT single nucleotide polymorphisms (SNPs), rs6269, rs4633, rs4818, and rs4680, were included in downstream analysis. A control group of participants, referred to as non-FM, were identified as those who had not been diagnosed with FM via ICD codes. Non-FM participants were also filtered by ICD codes to exclude conditions that were comorbid with FM (such as osteoarthritis and temporomandibular joint disorders), as well as chronic conditions and pain diagnoses, to reduce the rate of undiagnosed FM. The non-FM group included 32,141 participants in total.
DNA analysis DNA sample collection and genotyping
The methods were described previously [35] .
COMT haplotyping
Haplotypes for COMT enzymatic activity were identified according to Diatchenko, et al. [18] . The three haplotypes for COMT SNPs rs6269, rs4633, rs4818, and rs4680 are as follows: high pain sensitivity haplotype (HPS) as A_C_ C_G, average pain sensitivity (APS) as A_T_C_A, and low pain sensitivity (LPS) as G_C_G_G. LPS corresponds to higher COMT enzymatic activity, APS to average activity, and HPS to lower activity. To verify haplotypes, the expectation maximization algorithm implemented by the haplo.em function in the R package haplot.stats [36] was used to empirically compute maximum likelihood estimates of haplotype probabilities. Only subjects with the major diplotypes (LPS/LPS, LPS/APS, APS/APS, LPS/HPS, APS/ HPS, and HPS/HPS) were included in the association testing. Among the COMT diplotypes, high pain sensitivity corresponds to HPS/HPS or APS/HPS diplotypes, and low pain sensitivity corresponds to an LPS/LPS diplotype.
Statistical analysis Associations with demographics
Logistic regression was used to model the log odds of FM compared to the non-FM group in association with sex, ethnicity, and age. To increase power and provide clinically relevant interpretations, age was re-categorized by tertile: low (< 49), mid (49-63), and high (> 63). All statistical analyses were performed in R version 3.2.5.
Genetic associations with FM
To reduce bias due to patient recruitment and enrollment in the study, the FM group was compared to individuals in the 1000 Genomes Project [37] from US populations (n = 224) to assess genetic associations with the COMT SNPs. This allowed testing for significant deviations of allele frequencies in the FM group compared to the general population. A χ 2 test of proportions was used to determine if the observed minor allele frequencies (MAFs) in the FM group significantly deviated from the 1000 Genomes MAFs of the respective population with similar demographics. For rs4680, the minor allele corresponds to the val 158 met variant (major>minor: G > A). Minor alleles of the other COMT SNPs are rs6269 (A > G), rs4633 (C > T), and rs4818 (C > G).
Results
Demographics FM study participants FM was found to be significantly more common in certain demographics (Tables 1, 2 , and Fig. 1) . FM is well known to have a higher occurrence in women [38, 39] , which was also observed in this study. The FM group (n = 2713) was comprised of 71.6% females compared with 58.5% females in the non-FM group (n = 32,141), which corresponded to a 1.72 increased odds of FM (p = 1.17 × 10
; Tables 1, 2 and Fig. 1 ). The overall average age of the study population was 55.6 years (standard deviation = 15.5). The average age in FM and non-FM groups were 55.7 and 54.9 years, respectively. Considering the wide distribution of ages in the study, age was re-categorized by tertile: low (< 49), mid (49-63), and high (> 63). On average, study patients in the low and mid age group had 1.29 (p = 1.02 × 10 ) increased odds of FM, respectively, compared to the high age group, after adjusting for gender and ethnicity (Table 2) . Interestingly, the ethnicity associated with the highest diagnosis rate of FM was African-American. After adjusting for age group and sex, African-Americans were 1.52 times more likely to have a diagnosis of FM compared to Caucasians (p = 3.11 × 10
; Table 2 and Fig. 1 ). Hispanics were less likely to have a diagnosis of FM compared to Caucasians (p = 3.95 × 10
). There was no difference in the distribution of ethnicity or sex between the non-FM group and the group of study patients that were excluded from the non-FM group due to FM comorbidities and pain diagnoses.
Frequency of COMT SNP minor alleles in FM group
Overall, the minor alleles of the COMT SNPs were overrepresented in the FM group compared to 1000 Genomes (Table 3) . Additionally, each of the four COMT SNPs had significantly different minor allele frequencies (MAFs) in at least one subpopulation of the FM group than what was observed in the general population by the 1000 Genomes Project (Table 3) . Differences were observed in Caucasian males, who exhibited significantly lower MAF of rs6269, and African-American females, who exhibited significantly higher MAF of rs6269 (Fig. 2a) . Only Caucasians exhibited significantly higher MAF of rs4633 (Fig. 2b) . Caucasian males and African-American females showed significantly lower MAF of rs4818 (Fig. 2c) . Both female and male Caucasians had higher MAF of rs4680. In African-Americans, only females had higher MAF of rs4680 (Fig. 2d) . MAFs of the COMT SNPs were not significantly different between the FM group and the non-FM group (Additional file 1: Table S1 ).
Low and high pain sensitivity COMT diplotypes in study participants
COMT haplotypes correspond to low (LPS), average (APS), or high (HPS) pain sensitivity phenotypes due to differences in COMT enzymatic activity [32] . Other haplotypes were also observed, but at low frequencies, did not have statistically significantly high haplotype likelihoods and were not associated with pain sensitivity in the Diatchenko et al. study [32] . In total, 2409 (89%) of FM patients and 29,170 (91%) control patients had diplotypes in combination of the three major COMT haplotypes: LPS/LPS, LPS/APS, APS/APS, LPS/HPS, APS/HPS, and HPS/HPS (Additional file 2: Figure S1 ). There were no statistically significant associations of COMT haplotypes or diplotypes with FM diagnosis in the FM group compared to the non-FM group. There was an association of COMT haplotypes or diplotypes with ethnicity groups: African-Americans were 11.3 times more likely to have COMT diplotype corresponding Logistic regression modelling the log odds of FM in the FM group compared to the non-FM group showed significant differences in age, gender, and ethnicities. Model β coefficients are the log (adjusted ORs). An individual in the mid age group, female, and African-American would have the most increased odds of FM (adjusted OR = 4.18) compared to someone who is in in the high age group, male, and Caucasian with high pain sensitivity than Caucasians, regardless of whether or not they were diagnosed with FM (p = 7.27 × 10
; Fig. 3 ).
Discussion
Studies examining the association between COMT and fibromyalgia have largely focused on a single functional polymorphism, rs4680 or val 158 met, [17, 18, 21] which reduces enzymatic activity by 3-to 4-fold, and is associated with an increased risk of chronic pain [19, 23, [40] [41] [42] [43] [44] . Our study demonstrates that the minor allele of rs4680 occurs in higher frequency in FM subjects compared with population controls from the 1000 Genomes project. However, the SNP was not associated with a diagnosis of FM in this study. Other meta-analyses have both shown and refuted associations between this SNP, indicating additional variables exist that influence the susceptibility to FM. Therefore, we evaluated the association of fibromyalgia with a multi-SNP haplotype, evidenced to be more predictive of COMT enzymatic activity, and associated with a > 20-fold difference. Common COMT haplotypes were not specifically associated with FM either, suggesting that COMT enzymatic activity and catecholamine levels, per se, are not driving the development of fibromyalgia pain. We did note that while none of the common pain sensitivity-associated COMT haplotypes were associated with FM, the presence of minor alleles of all four of the COMT SNPs examined herein (ie: rs4680 A + rs6269 G + rs4633 T + rs4818 G is not one of the commonly described COMT haplotypes) was associated with an FM diagnosis, but would be rare.
Rather, this study shows the risk of developing FM was based on interactions with sex and ethnicity: the presence of one or more copies of a COMT SNP minor allele is increased in those with FM in certain demographics of ethnicity and sex. African-Americans had higher risk of a FM diagnosis than Caucasians or Hispanics, and AfricanAmerican women had the highest risk overall. AfricanAmerican men and women were also 11 times more likely than their Caucasian counterparts to have a COMT diplotype corresponding to high pain sensitivity regardless of whether or not they were diagnosed with FM. Therefore, COMT SNPs may provide information on the likelihood of FM when used in combination with other clinicallyvalidated measures, such as tender points, and, as demonstrated in this study, phenotypic measures, such as ethnicity and sex. This information can be used clinically to more accurately diagnose FM early, instead of a diagnosis of exclusion.
More studies are needed to elucidate the relationship between pain sensitivity and centralized pain disorders, such as FM, but the results of this study -the largest of its kind -support a multifactorial evaluation for FM diagnosis, including ethnicity. Interestingly, the criteria used to diagnose fibromyalgia were developed in a cohort that was predominately comprised of Caucasian females [45] ; this study emphasizes the need for refinement with regard to sex and/or ethnicity. However, our study relies on ICD codes to classify FM patients. Additional criteria such as tender points on patients, and detailed medical history would help to improve identification of those who truly have FM and those studies are underway. While every effort was made to exclude those with chronic pain a b c Fig. 1 Distribution of FM diagnosis by (a) age, (b) sex, and (c) ethnicity. Those diagnosed with FM were more likely to be in the middle age tertile (49-63), female, and African-American compared to the non-FM group. Adjusted odds ratios associated with each specific demographic is shown in Table 1 
Conclusions
This is the largest study to date to examine the role of genetics, sex and ethnicity in FM. This study builds upon previous work demonstrating an association between the COMT gene and chronic pain conditions. Setting it apart, however, is the multi-ethnic nature of the cohort, which explores the association between African-American ancestry, high pain sensitivity and FM diagnosis. This information can be used to refine clinical diagnostic criteria, provide information that allows clinicians to treat FM as a first diagnosis, decreasing time between the appearance of symptoms and diagnosis, and inform future studies of the importance in considering sex and ethnicity when conducting genetic association studies.
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